The microstructural evolution and piezoelectric properties of lead-free ceramics (0.98-x)(Na 0.5 Bi 0.5 )TiO 3 -x(Na 0.5 K 0.5 )NbO 3 -0.02BaTiO 3 (0 ഛ x ഛ 0.98, abbreviated as (0.98-x)NBT-xNKN-0.02BT) were investigated. The effects of the amount of NKN on the crystal structure, microstructural evolution, and piezoelectric properties were examined. The 0.93NBT-0.05NKN-0.02BT ceramics having a lower NKN content gave good performances with piezoelectric properties of d 33 ‫ס‬ 140 pC/N and k p ‫ס‬ 21%, because of the soft additive Nb 5+ ions at the B sites. However, a paraelectric cubic phase was observed in the wide range of compositions between x ‫ס‬ 0.1 and x ‫ס‬ 0.9. At a higher NKN content of x > 0.9, a morphotropic phase boundary (MPB) between the tetragonal and orthorhombic phases was found in the 0.015NBT-0.965NKN-0.02BT ceramics, and the piezoelectric properties were enhanced (d 33 ‫ס‬ 135 pC/N, k p ‫ס‬ 29%). The piezoelectric properties of this system were closely related to its crystal structure.
I. INTRODUCTION
As is well known, lead zirconate titanate [Pb(Zr, Ti)O 3 ; PZT] ceramics play a dominant role in existing piezoelectric applications because of their excellent piezoelectric properties. It is believed that the high piezoelectric response of this system is related to the morphotropic phase boundary (MPB) between the rhombohedral and tetragonal phases. 1, 2 However, waste products containing Pb often cause a crucial environmental problem for underground water. Therefore, the development of lead-free piezoelectric materials, such as tungsten bronze type materials, [3] [4] [5] bismuth (Bi) layer-structured materials, 6, 7 and perovskite type materials, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] has been widely studied. Among the various lead-free materials, Bi layerstructured materials have stable temperature properties and high Q m values 6, 7 and are thus regarded as one of the best lead-free piezoelectric materials. However, they are highly anisotropic and their piezoelectric properties were found to be still insufficient.
On the other hand, sodium bismuth titanate [(Na 0.5 Bi 0.5 )TiO 3 ; NBT] ceramics are perovskite-type ferroelectrics with good potential to replace PZT piezoelectric ceramics due to their strong ferroelectricity. NBT has a relatively large remanent polarization (P r ≈ 38 C/ cm 2 ) at room temperature and a relatively high Curie temperature (T C ‫ס‬ 320°C). 8 In addition, an anomaly is observed in its dielectric properties as a result of the low-temperature phase transition from the ferroelectric to the antiferroelectric phase at about 200°C, which is sometimes called the depolarization temperature (T d ). However, the coercive field of NBT ceramics is very high (E c ‫ס‬ 73 kV/cm); thus, it is necessary to lower the E c value to make the poling process easier. 9 A lot of work has been done to modify and improve the electrical properties of NBT ceramics using BaTiO 3 (abbreviated as BT), 9 13 Among these modified ceramics, NBT-BT is the most interesting because it has a rhombohedral-tetragonal MPB and shows a substantially improved poling process and piezoelectric properties, along with a decreased coercive field. 9 Sodium potassium niobate [(Na 1−x K x )NbO 3 ] is another perovskite-type lead-free piezoelectric ceramic of interest. Similar to PZT, (Na 1−x K x )NbO 3 is a combination of a ferroelectric (KNbO 3 ) and an antiferroelectric (NaNbO 3 ) ceramic. 1 In particular, hot-pressed (Na 0.5 K 0.5 )NbO 3 (abbreviated as NKN) ceramics form a MPB and possess a high Curie temperature (T C ‫ס‬ 420°C), a large piezoelectric coefficient (d 33 ≈ 160 pC/ N), and a high planar coupling coefficient (k p ‫ס‬ 45%). [14] [15] [16] [17] However, it is very difficult to obtain a dense NKN ceramic by the conventional sintering process. Besides, NKN ceramics show deliquescence when they are exposed to humidity. 21 Considering that NBT and NKN ceramics are both perovskite-type lead-free ceramics, and that the addition of BT promotes the lowering of the coercive field in NBT ceramics and densification in NKN ceramics, 18 we investigated the NBT-NKN-BT ternary system as a leadfree piezoelectric material. The solid solution of NBT and NKN seems to have a new MPB between the rhombohedral, orthorhombic, and/or other ferroelectric phases. It is well known that large piezoelectric properties can be expected at the MPB composition. In this paper, we report on the phase and microstructure evolution and piezoelectric properties of (0.98-x)NBT-xNKN-0.02BT (0 ഛ x ഛ 0.98) ceramics prepared by the ordinary sintering process.
II. EXPERIMENTAL PROCEDURE
Ceramics with a nominal composition of (0.98-x)NBTxNKN-0.02BT, where x was varied from 0 to 0.98, were prepared by conventional mixed-oxide ceramic processing. Na 2 CO 3 (Aldrich Chemicals, Milwaukee, WI, 99.5%), Bi 2 O 3 (Kanto Chemicals, Tokyo, Japan, 99.9%), TiO 2 (Aldrich Chemicals, 99.9%), K 2 CO 3 (Aldrich Chemicals, 99%), Nb 2 O 5 (High Purity Chemicals, Japan, 99.9%), and BaCO 3 (Kanto Chemicals, 99.9%) were selected as the starting materials. These oxides or carbonate powders were mixed in ethanol with zirconia balls by ball milling for 6 h, followed by calcining at 850°C for 4 h in an alumina crucible. After remilling for 48 h, the powder was dried and then molded into a disc with a diameter of 10 or 15 mm by means of cold isostatic pressing (CIP) at 150 MPa. The samples were sintered in air at various temperatures, depending on their x value, in the range between 1100 and 1150°C for 2 h.
The crystal structure of the specimen was examined by x-ray diffraction (XRD; MXP18A-HF, MAC Science, Tokyo, Japan) using Si as the internal standard. The microstructure of the as-sintered specimen was analyzed by scanning electron microscopy (SEM; JSM-5600, JEOL Technics, Tokyo, Japan). The densities of the sintered samples were measured by a water-immersion technique (or Archimedean method). Silver electrodes were prepared on both sides of the specimen at 550°C for 30 min in air. The specimens used for the piezoelectric property measurements were poled at room temperature in a silicone oil bath by applying a direct current (dc) electric field of 3 to 4 kV/mm for 10 min. The piezoelectric coefficient (d 33 ) was measured with a quasi-static piezoelectric d 33 meter (ZJ-3D, Institute of Acoustics Academic Sinica, Beijing, China). The electromechanical coupling factor (k p ) and mechanical quality factor (Q m ) were measured using the resonance-antiresonance method with an impedence gain phase analyzer (HP 4194A, Hewlett Packard, Palo Alto, CA). The planar mode electromechanical coupling factor (k p ) and mechanical quality factor (Q m ) were calculated using the following formula on the basis of IEEE standards:
where f r is resonance frequency, f a is antiresonance frequency, R is resonance impedance, and C is capacitance at 1 kHz.
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III. RESULTS AND DISCUSSION
A. Phase evolution of NBT-NKN-BT ceramics
The XRD patterns of the (0.98-x)NBT-xNKN-0.02BT solid solution are shown in Fig. 1 . The 0.98NBT-0.02BT specimen shows rhombohedral symmetry with no secondary phase. As the NKN content (x) was increased, the crystal system changed from rhombohedral to orthorhombic and the diffraction peaks shifted to lower angles. The difference between the two structures is seen clearly in the XRD patterns in the 2 range of 40 to 50°. The XRD patterns of (0.98-x)NBT-xNKN-0.02BT (x ‫ס‬ 0.9 to 0.98) in the 2 range of 44°to 47°are shown in Fig.  2 . When the NKN content was increased, the (200) peak became slightly split, indicating the appearance of the (002) and (200) reflection into the (200), (020), and (002) reflections with orthorhombic symmetry. Even though no quantitative analysis was conducted, these results confirm that a tetragonal-orthorhombic MPB exists in the range of x ‫ס‬ 0.9 to ∼0.98, especially near the 0.015NBT-0.965NKN-0.02BT composition. Figure 3 shows the lattice constant and rhombohedral distortion of the (0.98-x)NBT-xNKN-0.02BT ceramics. The lattice constants of all of the compositions were calculated for the rhombohedral, cubic, tetragonal, and orthorhombic symmetries. The (0.98-x)NBT-xNKN-0.02BT ceramics with x < 0.1 have a rhombohedral structure with a slight decrease in the angle parameters. When the NKN content reached 10 mol%, the rhombohedral distortion disappeared (␣ ≈ 90°), and the structure transformed into a cubic form. A similar phenomenon was also observed before in the (0.88-x)NBT-0.12(K 0.5 Bi 0.5 )TiO 3 -xNaNbO 3 system. 23 Furthermore, the lattice constants increase with an increasing amount of NKN in the cubic phase, since the Bi 3+ (0.14 nm) and Ti 4+ (0.061 nm) ions could be substituted by the larger K + (0.164 nm) and Nb 5+ (0.064 nm) ions, respectively.
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The increase of the lattice constants was discontinued at around the 0.015NBT-0.965NKN-0.02BT composition in the case of the tetragonal and orthorhombic symmetries. Therefore, the MPB exists at this composition according to the XRD pattern. Recent investigation on the Curie temperature and dielectric properties depending on the composition in a similar NBT-NKN system supported the phase variation in the present system.
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B. Sintering behavior and microstructural evolution Figure 4 shows the change in the sintered density of the (0.98-x)NBT-xNKN-0.02BT ceramics as a function of the NKN content. When the NKN content was increased from 0 to 98 mol%, the bulk density gradually decreased from 5.89 to 4.33 g/cm 3 . Because the theoretical density of NBT (5.997 g/cm 3 ) is higher than that of NKN (4.51 g/cm 3 ), the decrease of the bulk density with increasing NKN content is understandable. The relative densities were in the range of 94% to 98% of the theoretical densities. of the specimens in this range of compositions are thought to have the effect of suppressing the lattice distortion resulting from the cubic lattice and, hence, lead to the disappearance of the piezoelectricity. For the specimens with x ജ 0.95, the grain size increased again to 1 to 2 m, implying that the grain sizes depends strongly on the crystal structure of the specimens. Moreover, it is interesting to note that the grain shape changed gradually from round-type to faceted-type with increasing NKN content. This is because of the difference in the sintering behavior between the NBT and NKN ceramics. Most of the piezoceramics based on Pb(Zr,Ti)O 3 (PZT) or NBT are characterized by a linear increase in their nucleation and grain-growth rate with respect to sintering temperature. Hence, the typical grains of these kinds of ceramics become round, the range of optimal sintering temperatures in these systems is relatively broad, and the electrical properties vary insignificantly across this temperature range. 26 On the other hand, the nucleation and grain growth rates in alkali niobate ceramics increase rapidly to a very high level within a narrow range of optimal sintering temperatures, and this increase is accompanied by unusual microstructural evolutions. 26, 27 The densification kinetics of alkali niobate ceramics is controlled by the mobile OH − groups present in their structure owing to the increased hygroscopicity of the unreacted alkali metal ions, such as sodium and potassium ions, and the ease with which these groups are attached to niobium. Consequently, a rapid increase in the nucleation and grain growth rates is observed within a narrow temperature range. 28 Moreover, these behaviors lead to a reduction in the recrystallization capacity and number of crystallization sites for the new phase, but contribute to the growth of large crystallites in specific directions, and, therefore, the grains of the alkali niobate ceramics become faceted with clear-cut edges and plane faces at right angles to each other. The formation mechanism and microstructural evolution that are observed in this case are similar to those observed in the case of abnormal grain growth. 5+ ions at the B-sites, rather than that of the hard additive Na + and K + ions at the A-sites. 11 When the doping content of NKN was further increased, the d 33 value decreased rapidly, and the piezoelectricity disappeared at x ‫ס‬ 0.1, since the phase of the specimen changed from ferroelectric rhombohedral to paraelectric cubic. In other words, the (0.98-x)NBT-xNKN-0.02BT ceramics with x > 0.1 show typical paraelectric behavior. The paraelectric phase was observed in the wide range of compositions between x ‫ס‬ 0.1 and x ‫ס‬ 0.9. When the NKN content exceeds 90 mol%, the system belongs to a ferroelectric tetragonal region. In this region, the piezoelectricity appeared again, enhanced with increasing NKN content up to a maximum value (d 33 ‫ס‬ 135 pC/N) for the composition near the tetragonalorthorhombic MPB (x ‫ס‬ 0.965) and then tended to decrease. This demonstrates that the MPB condition induces relatively high piezoelectric activities, in addition to the effect of the softener. This is attributed to an increase in the number of possible spontaneous polarization directions for the compositions near the MPB, due to the coexistence of tetragonal and orthorhombic phases.
1,2 However, the sample with a composition of 0.98NKN-0.02BT showed a d 33 value of 80 pC/N. From these results, it can be concluded that the piezoelectric properties are closely correlated with the crystal structure of the (0.98-x)NBT-xNKN-0.02 BT system, except for an increase in piezoelectricity in the rhombohedral region (x ‫ס‬ 0 to 0.05), which was attributed to the softer (Nb 5+ ) effect. The electromechanical coupling factor (k p ) and mechanical quality factor (Q m ) of the (0.98-x)NBT-xNKN-0.02BT ceramics in the ferroelectric regions are shown in Fig. 7 . Unlike the d 33 value, the k p value remained almost constant (21% to 22%) and then decreased when the system approached the paraelectric region, as shown in Fig.   7 (a). In the case of the ferroelectric tetragonal and orthorhombic region [ Fig. 7(b) ], the k p value exhibited a similar trend to the d 33 value; that is, it increased with increasing NKN content, reached a maximum (k p ‫ס‬ 29%) at the tetragonal-orthorhombic MPB composition (x ‫ס‬ 0.965), and decreased thereafter. The mechanical quality factor (Q m ) of the 0.98NBT-0.02BT ceramics is relatively high (Q m ‫ס‬ 270); hence this specimen is a hard material. However, the Q m values in the ferroelectric rhombohedral region [ Fig. 7(a) ] gradually decreased with increasing NKN content until the system reached the paraelectric region, due to the soft additive Nb 5+ ions at the B-sites. The Q m values for the specimens with x ‫ס‬ 0.92 to 0.98 [ Fig. 7(b) ] follow no particular trend and are relatively low compared to the ones for the specimens with x ‫ס‬ 0 to 0.08 [ Fig. 7(a) ].
IV. CONCLUSIONS
Microstructural and phase evolutions of a lead-free piezoelectric ceramic system, (0.98-x)NBT-xNKN-0.02BT (0 ഛ x ഛ 0.98), were investigated. The amount of NKN had significant effects on the phase, microstructure, and piezoelectric properties of the specimen. k p ‫ס‬ 21%) because of the soft additive Nb 5+ ions at the B-sites. However, the crystal structure of the system changed to cubic when the amount of NKN reached 10 mol% (x ‫ס‬ 0.1), and this structure was retained over a wide range of compositions (x ‫ס‬ 0.1 to 0.9); consequently, paraelectric behavior was observed in this compositional range. At high NKN contents (x > 0.9), a MPB between the tetragonal and orthorhombic phases was detected in the 0.015NBT-0.965NKN-0.02BT composition, and the piezoelectric properties were increased again (d 33 ‫ס‬ 135 pC/N, k p ‫ס‬ 29%). The piezoelectric properties of this system were closely related to its crystal structure.
